APPENDI X C - COLLECTION AND ANALYSISOF
L IQUEFACTION DATA FROM THE NORTHRIDGE
AND LomMA PRIETA EARTHQUAKES

Loma Prieta ABAG gaff collected data on damage effects of two earthquakes — the 1989
Data Shows Loma Prieta earthquake and the 1994 Northridge earthquake.

Damage The principal purpose of andyzing the Loma Prieta earthquake damage data

Patterns was to look at damage patterns. The andyss provided severd key findings
related to disproportionate damage in areas mapped as having high liquefaction
susceptibility, even when normalized to sheking intensity mapping. (See Perkins
and Boatwright, 1995, and Perkins, 1998 for more information on ABAG's
shaking intengity mapping.)

1

ABAG Earthquake Program

The damage to water pipelines in areas mapped as having high liquefaction
susceptibility was 4-to-5 times greater than outsde of these areas, given
equivdlent shaking intendties (velocities), and 3 times grester given
equivaent shaking strains. These increases include large amounts of pipeline
damage in areas with no surface expressons of liquefaction. Smilarly,
damage to natura gas pipelines was 3-to-11 times greater than outside of
these areas given equivaent shaking intengties (ground velocities), and 3-to-
9 times grester than outside of these aresas, given equivaent shaking drains.
(Predominantly older gas pipelines were damaged.)

The percentage of state and federa highway road surfaces repaired for
MMI VIl was 1.3 times greater for areas mapped as very high liquefaction
susceptibility than for outside those areas. In addition, the cost of repairing
those areas was 25 times higher.

More surprisingly, the correlation between regiond liquefaction susceptibility
mapping and damage was highly mixed for the building types we examined.
Thefraction of pre-1940 single-family homes red-tagged in areas of high and
vey high liquefaction on the liquefaction susceptibility maps was about
equivaent to two times less than outsde of these areas, given equivaent
shaking intengties. This gpparent anomaly is congstent with damage patterns
of four-gtory gpartment buildings in the Marina Didrict of San Francisco
andyzed by Harris and Egan (1992): “The ground falure in the centrd part
of the filled area appears to have mitigated much of the potentid damage by
dissipating seigmic energy through liquefaction.” The potentid for disspation
of saiamic energy through liquefaction dso is consstent with the recording of
the Loma Prieta main shock obtained at Treasure Idand. Hanks and Brady
(1991) note that the onsat of liquefaction apparently sgnificantly damped the
ground shaking. Recordings of aftershocks do not show this damping effect,
potentidly due, in part, to shaking being insufficient to trigger liquefaction.

Last, we examined the correlaion with hazmat incidents. There was a strong
correlation between hazmat incidents / urban acre (excluding residentia and
urban open space) and shaking intensity. However, only aweak correlaion
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exised with mapped liquefaction susceptibility, even when looking at areas
exposed to the same shaking intendties.

Data Collected The following table summarizes the types of data ABAG collected, as well as
any problems associated with these data.

TABLE C1: Damage Data Used to Analyze Liquefaction Effectsin Past Earthquakes

Data Type

Data Obtained

Usable Data for Analysis

Loma Prieta Earthquake

Water pipeline repairs

Data obtained for 508 leaks from
water districts

Datafindized for 507
(1 has no locetion)

Gas pipeline repairs

Data on loan for 687 |eaks from
Pecific Gas and Electric (PG&E)

Datafindized for 487
(200 lesks not used, including 104
in Santa Cruz Co.,
75 not earthquake related, and
21 with no location)

Sewer pipeline repairs

No leak data ever collected by
cities or sewer districts

No data available so no
analysis

San Francisco ground failure
data and Bay Area data on
resdential building damage

Ground failure data incomplete

and only available for one city;

datistica analysis only possble
using residential tag data

Residentia tagging of 301 single-
family homes used for statistical
anaysis to isolate shaking vs.
liquefaction

Caltrans and loca government
dataon road surface repairs

Data obtained from Caltrans on
39 repairs; local government data
not generaly available

Datafinaized for 25 repairs
(14 additiond repairsin Santa
Cruz Co. not anayzed)

ABAG data on hazmat incidents

Data obtained from ABAG on
190 incidents

Datafindized for 121
(69 tota not anayzed, including
58 outside Bay Area and
11 with no location)

Northridge Earthquake

Water pipeline repairs

Data obtained from D. Ponti on
LA Dept. of Water & Power and
Municipa Water Didtrict repairs

ANALYSIS NOT BEING CONDUCTED
AT THISTIME

Gas pipeline repairs

Data obtained from SoCa Gas

ANALYSIS NOT BEING CONDUCTED
AT THISTIME

Sewer pipeline repairs

Data obtained from D. Ponti on
City of LA repairs

ANALYSIS NOT BEING CONDUCTED
AT THISTIME

City of LA ground failure data
and southern Cdlifornia data on
residential building damage

Ground failure data not part of LA
database; datisticd anaysis only
possible using residentid tag data

ANALYSISNOT BEING CONDUCTED
AT THISTIME

Caltrans and local government
dataon road surface repairs

LA repaired 510 streets, data also
obtained from Cadltrans

ANALYSISNOT BEING CONDUCTED
AT THISTIME

Data Caveats

Note that the number of water and naturd gas pipeline lesks resulting from the

Loma Prieta earthquake listed in Table B1 is less than previoudy reported by
other researchers. The principa reason for this gpparent discrepancy isthat the
various utilities have snce determined that many of these lesks were not
earthquake related.
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Use of Pipeline
Damage Data to
Confirm

Hazard
Mapping
Categories

Liquefaction susceptibility maps show areas with water-saturated sandy and
dlty maerids  Liquefaction hazard maps show areas where the ground is
susceptible to liquefaction and that are likdly to be shaken hard enough in a
particular earthquake to trigger liquefaction. Technica Appendix B provides
background information on the process of developing ABAG's liquefaction
hazard maps. Note that, due to the lack of standard penetration test (SPT)
data to use to assgn liquefaction hazard levels to various combinations of
liquefaction susceptibility and MMI, ABAG supplemented data from other
sources with the combined naturd gas and water pipeline leek data shown in
Table C2, below.

TABLE C2 — PIPELINE L EAKSPER KILOMETER OF PIPELINE EXPOSED TO VARIOUS COMBINATIONS
OF M ODIFIED M ERCALLI INTENSITY AND L IQUEFACTION SUSCEPTIBILITY INTHE LOMA PRIETA

EARTHQUAKE
Summary Damage Liquefaction Susceptibility Category
MMI | Description of Description Used on
Value| Shaking Severity | Perkinsand Boatwright, Very ; Very
1995 Shaking Maps Low Low | Moderate | High | o
V Light Pictures Move 0.001 0.002 0.002 0.000 0.004
VI Moderate Objects Fall 0.011 0.007 0.010 0.002 0.005
VI Strong Nonstructural Damage | 0.032 0.011 0.036 0.008 0.086
VIIl| Vey Strong Moderate Damage 0.028 0.063 0.182 0.019 0.278
I X Violent Heavy Damage NoData | NoData NoData | NoData | NoData
X | Very Violent Extreme Damage NoData | NoData | NoData | NoData | NoData

These data, together with the compelling information described in Appendix B
for areative lack of damage in MMI VI or lower and for an extensve amount
of liquefaction hazard in MMI 1X and X, form the bass for the liquefaction
hazard assignments shown in Figure C1, below. This figure was used to creste
ABAG s liquefaction hazard maps, as explained in Appendix B.

FIGUREC1 —LIQUEFACTION HAZARD BASED ON COMBINATIONSOF M ODIFIED M ERCALLI

INTENSITY AND L IQUEFACTION SUSCEPTIBILITY

Summary Damage Liquefaction Susceptibility Category
MMI | Description of Description Used on
Value| Shaking Severity | Perkinsand Boatwright, | Very . _
1995 Shaking M aps Low Low Moderate High Very High
V Light Pictures Move
VI Moderate Objects Fl
Vil Strong Nonstructural Damage Mo‘i‘z\?vte'y Moﬁi‘fe'y Moderate
VIII| Very Strong Moderate Damage Moderate | Moderate | Moderate
I X Violent Heavy Damage High High High
X | Very Violent Extreme Damage High High High
There is a data discrepancy with the 2000 WLA/USGS mapping, for, using the
data from the Loma Prieta earthquake, those areas mapped as having
"moderate’ liquefaction susceptibility had more pipeline problems than those
mapped as having "high" liquefaction susceptibility. The reason or reasons for
ABAG Earthquake Program 3 February 2001




Loma Prieta
Damage Data
Analysis and
Accuracy of the
2000 WLA/USGS
Mapping

More Can Be
Learned

these inconsgtencies are not fully understood at the present time. Possble
partid explanations include:

" some categories of Quaternary materiads assigned to "high” liquefaction
susceptibility (induding Bay mud) may have fewer ground falure
problems than anticipated;
the ABAG ground shaking methodology may be inaccurate;
the Loma Prieta earthquake is only one event; future earthquakes may
not experience the same problems.

Because of these unresolved issues, the categories of "moderate’ and "high"
liquefaction susceptibility have been assgned the same liquefaction hazard
category in Figure C1.

A secondary purpose for analyzing the Loma Prieta earthquake damage data
was to confirm that the 2000 WLA/USGS liquefaction susceptibility mapping
(Knudsen and others, 2000) was as effective or better predictor of damage
than the 1980 ABAG mapping (Perkins, 1980, and Y oud and Perkins, 1987).
The data showed that the areas mapped as "very high" liquefaction susceptibility
on the 2000 WLA/USGS mapping were dightly more likdy to have pipeline
damage than the arees magpped as  "high" and "very high" liquefaction
susceptibility on the 1980 ABAG mapping.

We haope to continue with this analyss effort by further examining the Loma
Prieta data, as well as by examining the Northridge damage data. More can be
learned.

Firg, the complex rdationship between shaking intensity (ground velocity) and
ground deformation (including ground falure) needs to be better understood,
paticularly in arees mapped as having moderate to very high liquefaction
susceptibility.  Our understanding of this relaionship needs to be specificaly
improved in areas underlain by Bay mud. The areas magpped as high
liquefaction susceptibility are dso in particular need of additiond anaysis.

Second, we need to learn more about the actua causes of damage in
earthquakes, dthough this determination can be extremdy difficult to obtain.
For example, athough some damage to pipelines, buildings and other structures
occurring in areas mapped as having high liquefaction susceptibility may be due
to liquefaction, it can dso be related to other factors in these mapped aress,
including other earthquake-caused ground deformation.

We are convinced that this process of examining actua damage data has been,
and will continue to be, vauable in generating useful information on liquefaction
hazards. In particular, past damage data are ussful in communiceting the
meaning and sgnificance of the 2000 WLA/USGS liquefaction susceptibility
mapping to the public and to non-engineering professonds. These data should
aso be useful in explaining the seismic hazard maps showing Zones of Required
Investigation being published by the Cdifornia Divison of Mines and Geology.
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ANALYSISOF WATER PIPELINE LEAK DATA
FROM THE LOMA PRIETA EARTHQUAKE

Data
Collection
Procedure

Analysis
Procedure

Results

Data on 508 leaks in water pipelines were collected in a time-consuming process. A
combination of phone cals, mailed questionnaires, and letters were used to obtain a
100% response rate from the hundreds of water supply agencies serving the nine Bay
Area counties. However, data on one lesk could not be included in the subsequent
andyds due to inaufficient information on precisly where the lesk occurred. The
following tables examine the remaining 507 lesks identified by water supply agencies
following the Loma Prieta earthquake.

Pipeline leaks were compared to kilometers of pipeline in generd, and to kilometers of
pipeline exposed to various mapped hazard levels, such as shaking intensties (ground
velodities), sheking strain (proportiondl to ground velodities)', and liquefaction
susceptibility.  The kilometers of pipeline exposed to these mapped hazards in the
Loma Prieta earthquake were estimated assuming that the exposure is roughly
equivaent to the kilometers of loca dreets. The combined analysis of mapped
shaking levels and liquefaction susceptibility was necessary to fully explore
the underlying causes of damage to pipelines.

Theinitid andyss focused on examining shaking intengity and liquefaction susceptibility
separady.  This type of anadyss has been typicd with past researchers. The
frequency of leaks (expressed as lesks / km of exposed pipe) is more clearly
corrdaed with sheking levd than with ether liquefaction susceptibility map. This leak
frequency is consistent with the ranges proposed by Eguchi (1991) in NSF-supported
research & Dames and Moore. Eguchi's andys's examines shaking intensity alone and
does not attempt to determine the potentia role of ground materials mapped as having
various leves of liquefaction susceptibility.

The highest frequency of lesks occurred in areas mapped as having very high
liquefaction susceptibility on the WLA/USGS map, or high to very high on the ABAG
map. The corrdation with the new WLA/USGS mapping is only dightly stronger than
with the older ABAG mapping, with gpproximately 36% of the water pipdine lesks
occurring in those areas shown as very high on the WLA/USGS map and only 34% in
the areas of high to very high on the ABAG map. There is no corrdation with lower
levels of liquefaction susceptibility given the shaking intensities experienced in the Loma
Prieta earthquake. However, as stated earlier, only a combined analysis of
mapped shaking intensity and liquefaction susceptibility can fully explore the
underlying causes of damage to pipelines.

In order to examine the joint effects of liquefaction susceptibility and shaking leve (that
is, liquefaction hazard), we examined the corrlation of frequency of lesks to shaking
levd separately for those lesks in areas mapped as having very high liquefaction
susceptibility (as shown on the WLA/USGS mapping) and those lesks outside of
those areas.  The corrdation between frequency of lesks and shaking level remains
strong for both subsets of lesks. The frequency of leaks for higher shaking intensities
is far greater for areas mapped as having very high liquefaction susceptibility than for

! Maximum ground strain (tension and compression) in the direction of wave propagation = maximum horizontal ground velocity
divided by the apparent horizontal propagation velocity (Newmark, 1967).
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areas mapped as having lower liquefaction susceptibility:
" 5.2timeshigher for MMI VIII; and
3.9 times higher for MMI VII.
However, there is no sgnificant difference in pipdine legk datigtics as a function of
liquefaction susceptibility in lower intengty areas (MMI VI and lower).

To confirm that the 2000 WLA/USGS mapping remained a more consistent predictor
of pipdine legks than the 1980 ABAG mapping, we performed the same andyss of
the joint effects of liquefaction susceptibility and shaking leve, usng the high
susceptibility aress as a cut-off for liquefaction susceptibility andyss. The corrdaion
between frequency of lesks and shaking level remains strong for both subsets of lesks,
dthough it is much sronger within those areas mapped as having high liquefaction
susceptibility.  Again, the frequency of lesks for higher sheking intensties is grester in
areas mapped as having high liquefaction susceptibility than outsde of those areas:

9.5 times higher for MMI VIII; and

2.0 times higher for MMI V1.

The 0.408 lesks / km pipe in areas mapped as having both a high liquefaction
susceptibility (from 1980 ABAG mapping) and MMI VIII is dightly less than the
0424 lesks / km pipe in areas mapped as having both a very high liquefaction
susceptibility (from the 2000 WLA/USGS mapping) and MMI VIII.  Thus, the
WLA/USGS mapping isadightly better indicator of water pipeline lesks.

Some researchers have suspected that ground strain', or the deflection of the ground
due to the passing earthquake waves, is a better predictor of pipeline legk rates than
ground shaking (ground velocity) (see, for example, O'Rourke, 1996). We modified
the modd for mapping shaking intensity (which depicts pesk ground velocity) to obtain
a modd for mapping ground strain by doubling the correction for geology (that s,
accounting for the variations among Bay mud, valey dluvium and rock by doubling the
intengty increments). This modification presumes that the geology correction is
proportiond to the inverse of the shear wave velocity (personal communication, J.
Boatwright, Feb. 1998). We then performed an andyss smilar to that for shaking
intengty.
In order to examine the joint effects of liquefaction susceptibility and strain level, we
examined the correlation of frequency of lesks to strain levd separately for those
lesks in areas mapped as having very high liquefaction susceptibility (as shown on the
WLA/USGS maps) and those leaks outside of those areas.  The correlation between
lesks / km and gtrain level remains very strong for both subsets of lesks. The legks/
km for each strain levd is far grester for areas mapped as having very high
liquefaction than for outside those areas.

3.1 timesfor very high drain levels,

3.3 timesfor high drain levels, and

3.2 times for moderately high drain levels.

% This percentage was calculated by applying the frequency of pipeline leaksin MMI VII and V111 in the areas excluding very
high liquefaction susceptibility to the km of pipeline exposed to very high liquefaction susceptibility. These baseline leaks (20.0
+ 19.7) were then subtracted from the actual number of leaksin those areas (77 + 102) to obtain the apparent increasein the
number of leaks (57.0 + 82.3). A percentage was then calculated based on thistotal (139.4) divided by the total number of lesks
that were analyzed (507).

ABAG Earthquake Program 6
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These numbers for strain leve are amilar in magnitude to those determined for
shaking intengty level (3.3 - 3.1 times higher versus 3.9 - 5.2 times higher for shaking
velocity/MMI). This concluson is not surprisng since ground drains are directly
proportiond to shaking velocity (mapped usng MMI on ABAG's shaking maps).
Note that these ground drains are ratively smdl, even in the higher strain hazard
categories (about 1 cm/30 meters of pipdine or 3 x 10™) such as in the San Francisco
Marina Didrict. Thus, neither shaking intengty (ground velocity) nor ground gsrain
aone are respongible for al of the pipeline leak damage observed.

These analyses point out that a minimum of 27% of the leaks caused by the
Loma Prieta earthquake are limited to the areas mapped as having very high
liquefaction susceptibility.? These observations also lead to two conclusions:

1. Sgnificant pipdine falures initiate a some threshold of ground shaking, roughly
defined as high MMI VI or the boundary between MMI VI and VII.

2. At roughly the same leves of shaking, and above the shaking threshold identified in
(1) above, the presence of soils that have moderate or higher liquefaction
susceptibility greatly increases the extent of pipeline damage.

See Appendix B for additiona discussion of these relationships.

These conclusions are remarkable given the rdative lack of observed surface features

associated with liquefaction in the locations of these pipeline lesks. We suggest that

there are a least three mechanisms for causng pipeline damage in liquefaction-
susceptible soils.

1. Suffident leves of sheking can cause limited liquefaction within the susceptible
deposits. It is usudly observed that when liquefaction occurs in a susceptible
deposit, not dl of the deposit liquefies. After liquefaction, the affected portions of
the deposit may respond by decoupling from the adjacent layers, dlowing the soil
on top to oscillate back and forth and up and down in a different way than the
surrounding ground.  This type of failure may become a laterd spread if there is
room for ground displacement, or displacing inertially due to continued ground
shaking after the liquefaction has occurred to create a weak horizontal shear plane.
The occurrence of liquefaction is not dways apparent to the field observer, and it
is possible for liquefaction to occur and to be accompanied by minor amounts of
ground failure that can damage vulnerable pipelines without surface evidence of the
ground fallure.

2. Sufficient levels of shaking can dso cause shear fallure in soft clay beds or other
relatively weak zones within or adjacent to the liquefaction-susceptible deposits,
without liquefaction occurring. This kind of ground failure can produce minor-to-
ggnificant amounts of dynamic deformeation (as the soil deposit dides back and
forth on the weak zone) and occasiondly permanent ground displacement. Similar
effects of high shaking levels may aso occur in young geologic deposts with low
liquefaction susceptibility. The ground deformation may not leave visble evidence
at the ground surface, but can damage vulnerable buried pipedlines.

3. The propagation of saismic waves through a liquefaction-susceptible zone will
produce dadtic ground srains. Even for soft soil deposts, the ground dtrains
associated with propagation of shear waves are quite smdl, and are not likely to
be atypica cause of buried pipdine damage. In some unusud cases, however,
large amplitude surface waves may be generated that can damage pipelines.
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ANALYSISOF NATURAL GASPIPELINE LEAK DATA
FROM THE LOMA PRIETA EARTHQUAKE

Data
Collection
Procedure

Special Data
Limitations

ABAG collected data on 687 leaks and analyzed data on 487 leaks in naturd gas
pipeines identified by Pecific Gas and Electric Company in the two weeks
following the Loma Prieta earthquake. Information was obtained on the location of
each leak, the type of pipe that leaked, and the type of lesk.

Although any data on damage collected following an earthquake are inherently
problematic due to the emergency Stuation, it is important to understand severd
additiona cavests related to these data included in a report prepared by PG&E
descrlblng the leaks (Phillips and Virostek, 1990):
The number of the recorded leaks specificaly attributable to the earthquake
is unknown.
Not dl leaks found were necessarily reported because of the nature of the
emergency.
Lesks may continue to develop or exiging lesks may continue to be
discovered due to post-earthquake settling of the soil.
The earthquake found week points in the sysem. Some of the lesks found
may have been inevitable, the earthquake just accel erated the process.
The lesk causes were not dways clear and the documentation of the
causes was not aways consstent. For instance, a potential corrosion leak
accelerated by the earthquake may have been given a leak cause code of
"corroson” or "damage by outside forces' or "other."
Leak surveys were not performed on the San Francisco Marina Didtrict
and Watsonville low-pressure systems that were shut-in and replaced.”

The Phillips and Virostek report notes that a total of 1,094 leeks were found and
recorded during the first two weeks following the Loma Prieta earthquake (from
October 17 to October 31, 1989) (Phillips and Virostek, 1990). Their breakdown
of Ieak locationis:
207 - East Bay Region (approximately Alameda and Contra Costa
Counties)
562 - Golden Gate Region (approximately San Francisco and San Mateo
Counties)
325 - Misson Trail Region (approximately Monterey, San Benito, Santa
Cruz, and Santa Clara Counties)

Note that the file ABAG obtained from PG&E for this andyss is sgnificantly
smaler than the one described by Phillips and Virostek (687 leaks versus 1094
leaks). The principa reason for this gpparent discrepancy is PG&E has snce
determined that many of these leaks were not earthquake related. In addition, in
the course of working with PG&E in further identifying the location and cause of
these leaks, 75 additiona leaks were deleted from the 687 leaks because they are
not earthquake related. For example, some leaks were caused by “adig in,” that
is, the pipe being broken by a back hoe in the course of routine construction during
this two week obsarvation period. Some legks that remain in this file may have
been present prior to the earthquake, but were discovered after the earthquake in
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Analysis
Procedure

Results

the course of the sophidticated lesk detection program initiated following that
earthquake.

Finaly, these lesk frequency data are not suitable for predicting the number and
locations of pipdine leaks in future earthquakes. Beginning in 1985, PG&E
undertook a 25-year, $25 billion program, known as the Gas Pipeine
Replacement Program (GPRP). This program has specificaly focused on types of
pipes (such as cast iron and older welded stedl) that are more prone to leaking due
to thelr condition or location, and that are much more susceptible to earthquake
damage compared to modern steel and polyethylene pipe. As a result of the
GPRP, many pipeline upgrades have been ingdled both prior to and following the
Loma Prieta earthquake. These upgrades are continuing. The newer pipdines are
ggnificantly less vulnerable to earthquake effects, including liquefaction, differentia
settlement, violent shaking, and ground strain.

In spite of these limitations, ABAG has examined these leek data closdly to see if
the distribution of the leaks could help define the role of liquefaction versus ground
sheking in pipdine lesks. To make it conagtent with the shaking information and
water pipdine data, 104 lesks in Santa Cruz County were not examined. Findly,
21 lesks with inaufficient locationd information have been excluded from the
andyss.

As with the water pipdine data, naturd gas pipeline lesks were compared to
kilometers of pipeline in generd, and to kilometers of pipeine exposed to various
mapped hazard levels, such as shaking intengties (ground velocities), shaking strain
(proportional to ground velocities)®, and liquefaction susceptibility. The kilometers
of pipeline exposed to these mapped hazards in the Loma Prieta earthquake were
estimated assuming that the exposure is roughly equivdent to the kilometers of loca
streets. As with the water pipeline leak analysis, the combined analysis of
mapped shaking levels and liquefaction susceptibility was necessary to
fully explore the underlying causes of damage to pipelines.

The initid andyss focused on examining sheking intendty and liquefaction
susceptibility separately. The frequency of leaks (expressed as leaks / km of
exposed pipe) is better correlated with shaking level than ether liquefaction map.
This leak frequency is most consstent with the vaues proposed by Eguchi (1991)
in NSF-supported research at Dames and Moore for shaking levels equa to MMI
VIl. Thelesk rates are lower than Eguchi's for MMI VIl and higher for MMI V1.
Eguchi's andyds examines shaking intendty done and does not attempt to
determine the potentia role of ground materials mapped as having various leves of
liquefaction susceptibility.

The highest frequency of lesks occurred in aress mapped as having very high
liquefaction susceptibility on the 2000 WLA/USGS map, or high to very high on the
1980 ABAG map. The corrdation with the newer WLA/USGS mapping is not as
grong as with the older ABAG mapping, with 43% of the gas pipdine lesks

3 Maximum ground strain (tension and compression) in the direction of wave propagation = maximum horizontal ground velocity
divided by the apparent horizontal propagation velocity (Newmark, 1967).

ABAG Earthquake Program 13 February 2001



occurring in those areas shown as high or very high on the ABAG map versus 21%
in areas shown as very high on the WLA/USGS map. However, there is no
correlation with lower leves of liquefaction susceptibility shown on either map given
the shaking intengties experienced in the Loma Prieta earthquake. However, as
stated earlier, only a combined analysis of mapped shaking intensity and
liguefaction susceptibility can fully explore the underlying causes of
damage to pipelines.

In order to examine the joint effects of liquefaction susceptibility and shaking leve
(that is, liquefaction hazard), we examined the correlation of frequency of lesks to
shaking levd separately for those lesks in areas mapped as having very high
liquefaction susceptibility (as shown on the WLA/USGS mapping) and those lesks
outsde of those areas.  The corrdation between frequency of leaks and shaking
leve isreatively high for areas mapped as having very high susceptibility, but not as
grong for areas outsde those areas. The frequency of leaks for higher shaking
intengtiesisfar greater for areas mapped as very high liquefaction susceptibility than
for areas mapped as having lower liquefaction susceptibility:

10.7 times higher for MMI VIII; and

2.9 times higher for MMI V1.

To confirm that the 2000 WLA/USGS mapping remained a more condstent
predictor of natura gas pipeline leaks in the Loma Prieta earthquake than the 1980
ABAG mapping, we performed the same andyss of the joint effects of liquefaction
susceptibility and shaking level, using the high susceptibility aress as a cut-off for
liquefaction susceptibility andyss. The correlation between frequency of lesks and
shaking leve is rddively high for arees mapped as having high liquefaction
susceptibility, but not strong for outside those areas. Again, the frequency of leaks
for higher sheking intengties is far grester for aress mapped as having very high
liquefaction susceptibility than for outside those aress:

9.8 times higher for MMI VIII; and

12.5 times higher for MMI VII.

The 0.112 leeks / km pipe in areas mapped as having both a high liquefaction
susceptibility (from 1980 ABAG mapping) and MMI VIl is less than the 0.133
lesks / km pipe in areas magpped as having both a very high liquefaction
susceptibility (from the 2000 WLA/USGS mapping) and MMI VIII. Thus, the
WLA/USGS mapping is again adightly better indicator of pipeline legks.

There is an gpparent anomay of high pipeline lesk rates in areas mapped as having
MMI VII and moderate liquefaction susceptibility. The principd reason for the
anomaly is the high level of falures in areas mapped as MMI VII and moderate
liquefaction susceptibility in San Francisco (150 of the 169 lesks in this subset of
data). This apparent anomalous failure rate can be explained by either a
problem with the intensity modeling or high leak rates in older pipelines
that are being replaced in San Francisco. Thus, it is not likely a problem
with the liquefaction susceptibility mapping. Of the 150 lesks in this subset
of data in San Francisco, 14 were in old cast iron pipe, 90 were in sted pipe
ingdled prior to 1931, and an additiona 25 were in stedl pipe indalled between
1931 and 1960.
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Some researchers have suspected that ground strain, or the deflection of the ground
due to the passing earthquake waves, is a better predictor of pipeline lesk rates
than ground shaking (ground velocity) (see, for example, O'Rourke, 1996). We
used the same ground strain maps developed to andyze water pipeline lesks and
described in the previous section. (See page 5 for a definition of ground strain.)
We then performed an andlyss Smilar to that for shaking intengty.

In order to examine the joint effects of liquefaction susceptibility and strain leve,
we examined the correlation of frequency of lesks to strain levd separately for
those leeks in areas mapped as having very high liquefaction susceptibility (as
shown on the WLA/USGS mapping) and those leaks outsde those areas.  The
correlation between frequency of lesks and strain level remains very strong for both
subsets of leaks. The frequency of leaks for each strain levd is greater for areas
mapped as having very high liquefaction susceptibility than for outsde those arees:
“ 89timesfor very high drain levels,

3.2 timesfor high gtrain levels, and

2.6 timesfor moderatdly high dtrain leves.
These numbers for strain leve are amilar in magnitude to those determined for
shaking intengty leve (2.6 - 8.9 times higher versus 2.9 - 10.7 times higher for
shaking velocity/MMI).

These analyses point out that a minimum of 15% of the leaks caused by the
Loma Prieta earthquake are associated with by some type of problem
limited to the areas mapped as having very high liquefaction susceptibility.
This cdculation is based on the gpparent incrementa increase in lesk frequency in
aress of very high liquefaction susceptibility exposed to MMI VIl and VII using
the same technique described in the discussion of water pipeline lesk data.

These conclusons are remarkable given the reative lack of observed surface
features associated with liquefaction in the locations of these pipeline lesks. We
peculate that there are at least three mechanisms for causing pipdine damage in
liquefaction-susceptible soils. See the discusson at the end of the water pipeine
section (page 7) for more information on these mechanisms.

However, the corrdations in lesk rates for natura gas pipeines with liquefaction
susceptibility, shaking intengity (velocity), and ground strain are not nearly as strong
as with water pipelines. The mog likdly explanation for this discrepancy is the
relative importance of other factors, paticulaly pipdine age, materid of
congtruction, and type of pipejoint.
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DISCUSSION OF POTENTIAL USE OF SEWER PIPELINE LEAK
DATA FROM THE LOMA PRIETA EARTHQUAKE

Procedure Used
in Effort to
Collect Data

Data on damage to sewer lines in the San Francisco Bay Area as a result of
the 1989 Loma Prieta earthquake is very limited. Unlike water lines, the
sewer system is not pressurized, s0 that lesks do not result in obvious

“geysers”

In the Eagt Bay, the East Bay Municipa Utility Digrict (EBMUD) did not
experience any damage on the large collector lines that it operates. The East
Bay Discharges Authority did not experience any lesks, but did a subsequent
study of potential seismic hazards. Individua municipdities operate the smaler
lines, the vast mgority of sewer sysem. Data on the Status of this portion of
the system was not systematicaly collected by the cities, S0 that any atempt to
use data to perform adatigtical andysisisnot possible.

Damage occurred in San Francisco, particularly in the Marina Didtrict, but no
comprehengive survey of the system gpparently was conducted following the
earthquake. Agan, any attempt to use data to perform a satisticd anayssis
not possible.

Phone cdls to sdected cities in San Mateo and Santa Clara counties
confirmed that no systematic data were collected on sawer problems. Thus,
there is no practica way of usng sewer damage data to aid in the assessment
of liquefaction damage.
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ANALYSISOF RESIDENTIAL BUILDING DAMAGE DATA
FROM THE LOMA PRIETA EARTHQUAKE

A Special
Concern

Data Collection
Procedure

Results

Information on housing vulnerability in areas mapped as having moderate, high,
or very high liquefaction susceptibility is of particular concern in the Bay Area
because of the development patterns in the region. While these areas
represent only 22.6% of the land, they underlie 46.3% of our urban
areas and 48.9% of our housing units.

The andyss of building damage patterns for various levels of mapped
liquefaction susceptibility requires the comparison of aress of equivalent
shaking severity, but different mapped liquefaction susceptibility. This andyss
is problematic because housng in areas mapped as having very high
liquefaction susceptibility and MMI VIII (occurring in San Francisco) tended
to be tal older wood-frame multifamily resdentid), while housing in areas that
are mapped as having lower liquefaction susceptibility and MMI VIl (that
occur in Santa Clara County) tended to be newer single-family homes. The
principal housing type that is comparable is pre-1940 single-family homes, of
which there were 301 homes red-tagged in the Bay Area. Thus, this andlyss
focuses on the percentage of pre-1940 homes red-tagged as unsafe following
the earthquake. These data had previoudy been collected by ABAG as part
of its work on impacts of earthquakes on housing (see Perkins and others,
1996).

As can be seen by examining the following tables:
“  there is a very sgnificant correlaion between the percentage of pre-
1940 sngle-family homes red-tagged and shaking intengity;
thereis no clear correation between the percentage of pre-1940 single-
family homes red-tagged and ether the 1980 ABAG liquefaction
susceptibility map or the 2000 WLA/USGS liquefaction susceptibility
map.

In order to examine the joint effects of liquefaction susceptibility and shaking
level, we examined the correlation between the fraction of pre-1940 single-
family homes red-tagged to shaking level separately in areas mapped as
having very high liquefaction susceptibility and outsde those areas on 2000
WLA/USGS mapping. The corrdation between the fraction of homes red-
tagged and shaking level remains very strong for both homes within and
outsde of areas of very high liquefaction susceptibility. Surprisingly, there
is virtually no difference between the percentage of pre-1940 single-
family homes and the WLA/USGS maps for MMI VI11, while the areas
subjected to MMI VIl and lower show higher damage rates for areas
outside of those with very high liquefaction susceptibility than for
areas within the very high areas:

virtudly the same for MMI VIII; and

2.1 timeslower for MMI VII.

ABAG Earthquake Program 21 February 2001



Analysis of
Data Collected
by Cities

Not Feasible

A Caveat

ABAG Earthquake Program 29

Again, we wanted to compare the 2000 WLA/USGS mapping with the 1980
ABAG mapping. Thus, we performed the same andysis of the joint effects of
liquefaction susceptibility and shaking level using the high susceptibility arees
on the ABAG mapping as a cut-off for liquefaction susceptibility. The reverse
correlation is stronger for the 1980 ABAG map, with the percentage of
homes red-tagged being greater for homes outside mapped high
liguefaction susceptibility areas than inside those areas given the same
shaking intensities:

1.9 times lower for MMI VIII; and

2.4 times lower for MMI VII.

This gpparent anomaly is consgtent with damage patterns of four-story
gpartment buildings in the Marina Didtrict of San Francisco analyzed by Harris
and Egan (1992): “The ground failure in the centrd part of the filled area
gppears to have mitigated much of the potential damage by disspating seismic
energy through liquefaction.” The potentid for dissipation of seismic energy
through liquefaction aso is conastent with the recording of the Loma Prieta
main shock obtained at Treasure Idand. Hanks and Brady (1991) note that
the onset of liquefaction apparently sgnificantly damped the ground shaking.
Recordings of aftershocks do not show this damping effect, potentidly due, in
part, to shaking being insufficient to trigger liquefaction.

Origindly, we had hoped to supplement this andyds with an andlyss of the
San Francisco red- and yedlow-tagged buildings database files, for these files
aso included a fidd related to “ground falure’ as a contributing cause to
building damage. Some ingpectors of damaged buildings filled out this
information. However, we determined that the file was incondstent and
incomplete.  This same concluson has been reached by gaff of the City's
Building Department (Zan Turner, persond communication, 2001). No other
city even atempted to sysematicdly include this type of information on the
formsfilled out for damaged buildings

Although damage to resdentid buildings in the Loma Prieta earthquake
appears to have been lessened due to the onset of liquefaction, the research on
damage data in the Northridge earthquake emphasizes that buildings damaged
by liquefaction were likely to have more extensve damage, and damage that
was more costly to repair (see pages 32-34).
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ANALY SIS OF ROAD SURFACE REPAIR DATA
FROM THE LOMA PRIETA EARTHQUAKE

Data Collection  Cdtrans made atotal of 39 surface repairs — 25 in the Bay Area and 14 in

Procedure Santa Cruz County following the Loma Prieta earthquake. No consistent
data on loca road repars were collected. Thus, the following tables and
andysis are limited to the road surface repairs in the Bay Area made by
Cdtrans.

Results Although data could only be analyzed for 25 repairs, severd key conclusons
can be drawn by examining these data.

The correlation between frequency of road repairs (expressed as number of
repairs / km road exposed — the first shaded column) is more consstent with
mapped shaking intengty than with areas mapping as having very high
liquefaction susceptibility on the WLA/USGS map (Knudsen and others,
2000) or with areas mapped as having high or very high liquefaction
susceptibility on the ABAG map (Perkins, 1980).

The correlation between percent of road repaired (the second shaded column)
remains conggent with shaking leve, but is dso much more consstent with
mapped liquefaction susceptibility level. Mot of the discrepancy occurs in
areas with very low liquefaction susceptibility. These discrepancies are due to
the occurrence of landdides.

The most driking corrdation is between mapped liquefaction susceptibility
level and cost of road repairs per kilometer of exposed road. The dollars
spent per kilometer of exposed road were over 100 times larger for
areas mapped as very high liquefaction susceptibility on the
WLA/USGS map, or high to very high on the ABAG map, than the
next highest category.

In order to examine the joint effects of liquefaction susceptibility and shaking
level, we examined the corrdation of frequency of repairs to shaking level
separately for those repairs in areas mapped as having very high liquefaction
susceptibility (as shown on the WLA/USGS mapping) and outsde those
aress. Huge varidions in repair costs per kilometer of exposed a2 MMI VI
for those areas within and outsde of areas mapped as having very high
liquefaction susceptibility may indicate that MMI VIII is a triggering intengty
for liquefaction effects that affect roads.

Cdltrans records confirmed that liquefaction was involved at three of the four
stes of MMI VIII and very high liquefaction susceptibility. The percent of
road repaired is over 40% for very high liquefaction areas and MMI VIII —a
very large value.

The anomaly of $2.5 million for aroad repair in an areathat was only MMI V
and was not a very high liquefaction area is apparent. According to Caltrans
reports, this repair was due to a coastal landdide repair on Hwy. 1 in Marin
County.
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ANALYSISOF HAZARDOUS MATERIAL INCIDENT DATA
FROM THE LOMA PRIETA EARTHQUAKE

Data Collection
Procedure

Results

The most complete database of hazardous materids releases for the Loma
Prieta earthquake was previoudy compiled by ABAG (Perkins and Wyaitt,
1994). Ovedl, 190 hazardous materias incidents are documented in that
database. However, 58 incidents that occurred outside of the Bay Area and
11 incidents with insufficient locationa information could not be induded in this
andyss, leaving 121 incidents. These spills did not occur randomly throughout
the Bay Area The chdlenge is to determine some Smple corrdations
between number of pills and location without stretching the gatistica limits of
the data.

The andyss of hazmat incidents requires normdizing the incident rate againgt
some measure of exposure. The exposure measure most redlistic based on
past work with these data is urban acres not including residentia or urban
open space (see Perkins and others, 1997).

As can be seen by examining the following tables
" there is a very dgnificant corrdation between the incidents per acre

exposed and shaking intengty;
there is a smal correlation between the incidents per acre exposed and
the 1980 ABAG liquefaction susceptibility map, but no sgnificant
correlation between incidents per acre exposed and the 2000
WLA/USGS liquefaction susceptibility map.

Thus, to determine if liquefaction mapping is useful in assessng or predicting

hazmat incidents in earthquakes, the incident data need to be analyzed using a

combination of liquefaction and intengity mapping.

In order to examine any potentid joint effects of liquefaction susceptibility and
shaking level, we examined the correaion between the incidents per acre
exposad to shaking level separately in areas mapped as having very high
liquefaction susceptibility and outsde those areas as defined by the 2000
WLA/USGS mapping. Although there is Hill a generd trend showing a
correlation between the incidents per acre exposed and shaking level both
areas within and outsde of aress of very high liquefaction susceptibility, the
data indicate inconsstencies. Thus, the data are mixed and stress thet to the
extent that these data are related to building damage, the correlation is wesk.

Again, we wanted to compare the 2000 WLA/USGS mapping with the 1980
ABAG mapping. Thus, we performed the same andyss to examine the joint
effects of liquefaction susceptibility and sheking levd usng the high
susceptibility areas on the ABAG mapping as a cut-off for liquefaction. The
results are smilar to that for the WLA/USGS mapping.

Thus, liquefaction mapping is not useful in assessing or predicting
most hazardous materialsincidents.
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THE NORTHRIDGE EARTHQUAKE

The following sections relate to damage data from the 1994 Northridge earthquake that are smilar in
type to that collected and andyzed for the Loma Prieta earthquake by ABAG daff. The analyss of
these data is beyond the scope of the current research project. However, the data descriptions have
been included in this appendix because we bdieve that further andysis of these data is warranted for it
should shed additiond light on the raionships among shaking, liquefaction, and damage. In addition,
the data on the resdentia and building damage collected by Danid Ponti (U.S. Geologicd Survey) and
described in this section is particularly insghtful.

COLLECTION OF WATER PIPELINE LEAK DATA
FROM THE NORTHRIDGE EARTHQUAKE

Data on damage to water lines in southern Cdifornia as aresult of the 1994 Northridge earthquake was
obtained from Daniel Ponti of the U.S. Geologica Survey.

No analysis of these data has been conducted at thistime.

COLLECTION OF NATURAL GASPIPELINE LEAK DATA
FROM THE NORTHRIDGE EARTHQUAKE

Data on damage to naturd gas lines in southern Cdifornia as aresult of the 1994 Northridge earthquake
was obtained for ABAG's use from Art Partridge of Southern Cdifornia Gas Company. The database
contains information on 576 gas line leaks that were probably related to the Northridge earthquake.
Even these leaks were not necessarily unilaterdly related to the earthquake, for SoCa Gas does not
have the data necessary to make that determination. In addition, immediately following the earthquake,
with the company's unprecedented effort to mitigate unsafe conditions, detailed recording of data
collected in the field was not completely accurate or complete.

As with the PG&E data, researchers collecting data following the Northridge earthquake reported
sgnificantly more earthquake-related lesks than SoCal Gas experts currently think were earthquake-
rel ated For example, EERI (1995) reported, as of gpproximately three months following the quake:
209 ingtances of damage to metalic digtribution mains and services where no corrosion or
congtruction-related damage was observed;
563 cases of damage to metdlic digtribution piping where corroson, materia, or construction-
related defects were observed or where damage was of unknown origin;
27 ingances of damage to polyethylene pipes, the mgority of which occurred at coupling and
trangtion fittings; and
35 non-corrosion-related repairs made to the transmission system, of which 27 were at cracked
or ruptured oxyacetylene girth welds in pre-1932 pipelines.

The problems associated with this database are smilar to those noted for the PG& E database of leaks
following the Loma Prieta earthquake, so that the database is less reliable than that for water lines.  In
addition, these data may be harder to andyze than the PG&E data, due to smal numbers and non-
uniformity of the type of damage.

No analysis of these data has been conducted at thistime.
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ANALYSISOF SEWER PIPELINE LEAK DATA
FROM THE NORTHRIDGE EARTHQUAKE

Data on damage to sawer lines in southern Cdifornia as a result of the 1994 Northridge earthquake is
much better than the equivaent data on damage to these lines in the Bay Area due to the Loma Prieta
earthquake. Data are available on 8,197 sewer segments based on a detailed evauation of sewers
conducted by the City of Los Angeles Collection Systems Division after the Northridge earthquake.
Their survey focused on the areas tha experienced the mogt intense damage, primarily the San
Fernando Vdley. The survey and associated replacement of damaged lines cost hundreds of thousands
of dollars and was paid for, in large part, with funding from FEMA. Approximately 2,000 miles of lines
were surveyed with remote video cameras. Survey work was concluded as of 6/97. Areasincluded in
the survey were Northridge, Canoga Park, Reseda, and parts of Hollywood and Pacific Palisades.
Surveyors did not spend very much time in areas of minima damage; rather they sought to characterize
the hardest hit areas. The survey was d<o limited by budget consderations and difficulty in obtaining
access permission from residents in some areas, particularly Pacific Palisades.

Damage was graded by status down to the block level for the study area, with those areas graded A
having virtudly no damage, to those areas graded E having an obstruction. ABAG obtained a copy of
the less detalled, but most extensve in aerid coverage, of two files from Danid Ponti of the U.S.
Geologica Survey®. He notes thet, having examined some of the origina video camera footage:
“codes A and B have only hairline cracks at joints, most likely shaking related;
C grade contains both hairline joint cracks (dthough more frequent than A or B or may well
contain more severe (but relatively minor) pipe damage that are likely ground failure induced;
and
D and E damege is sgnificant and dmogt certainly due to ground fallure”

No analysis of these data has been conducted at this time.

ANALYSISOF RESIDENTIAL BUILDING DAMAGE DATA
FROM THE NORTHRIDGE EARTHQUAKE

ABAG collected extensve data on red- and ydlow-tagging of resdentid structures and units throughout
the area impacted by the Northridge earthquake, not just the City of Los Angeles, as part of other
research funded by the National Science Foundation (Perkins and others, 1996). These data have been
extensvely checked and reviewed for accuracy.

Idedlly, data on the contribution of geology or ground failure to the damage would be available from the
tagged databases developed by the cities and counties impacted. However, this information is not
readily available without going back to the origina hard copy” forms filled out by the ingpectors and is
inconggtent in its accurecy.

One other source of building damage data exists. Danid Ponti of the U.S. Geologica Survey worked
with a volunteer sudent to examine the building permit files for dmost 71,000 properties in the heavily
impacted area. These properties represent roughly haf of the parcels in the heavily impacted area

‘A more detailed file showing the line-footage location of each sewer leak, together with a code on the type of damage shown, is
available for the Granada Hills area. Thisfile has 339,430 records. The file obtained by ABAG only has 8,325 records, with each
record providing a description of the damage state of a sewer line segment from manhole to manhole.
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According to Dr. Ponti, “properties for which we have no data either suffered no reportable earthquake
damage, were repaired without permits, or have not yet been repaired.” Most of these properties were
sgngle-family homes. The resulting database contains information on the cost of the repair, aswell asa
generd description of what was repaired. This database contains information on many parcels that
were not tagged, many of which had extensive repair cogs. In addition, interestingly, many parcels that
had buildings that were tagged do not contain any permitsfor repairs.  Dr. Ponti notes:

For comparing the costs and types of damage within and outside ground failure zones,
we have chosen to redtrict our andysis to single-family residences Stuated on Holocene
dluvium. We have done this in an attempt to reduce the effects of varying types of
congtruction and local site geology. This reduced dataset consists of 4829 homes where
some property loss occurred; the kinds of required repairs are known for 2983 of
these. The building stock in this dataset is remarkably uniform. Over 98% of the houses
are classfied as being of mixed congruction; typicaly they are stucco or partid stucco
over wood frame, one or two stories in height. Mogt are built over dab-on-grade
foundations, usualy unreinforced. Mogt of the remaining 2% are ether of sted-frame or
reinforced concrete congtruction. All of the homes were built between 1906 and 1992,
but 91% of them were constructed between 1946 and 1970, with a median age of 40
years (built in 1956). In the Balboa Blvd. area, where most ground failure occurred,
congtruction type and home vintage are nearly identicd to the study area as awhole. All
of the homes in this area were built between 1956 and 1977, with 92% built between
1956 and 1963; the median age hereis 39 years (built in 1957).

For the purpose of our andlyss, properties are considered to have been impacted by
ground failure if: @ mapped ground cracks are contained within the property  boundary
or cross the property line, or b) the property is located within the zone of shalow
ground water in the Baboa Blvd. Area inferred from our post-earthquake subsurface
and associated studies. All properties not meeting these criteria are not considered to
have been impacted by ground failure. Comparison of property loss ingde and outside
of ground failure zones are summarized in Figure GF3-D. Repair costs for al properties
in the study area range from $200 to $381,000, averaging $12,193 per property.
Average repair costs for the 315 properties impacted by ground failure, however, are
found to be approximately 300% higher than for the 4514 properties located outside of
ground failure zones ($32,578 vs. $10,771). This result is not surprising given the
intengty of damage in the Balboa Blvd. area, but of red interest is that there is a much
different distribution in the kinds of repairs performed in the two areas. Notably, over
6% of damaged homes affected by ground failure required demoalition of both the
structure and foundation, as opposed to only 0.2% of homes unaffected by ground
falure. Likewise, foundation repairs needed to be performed on 27.5% of damaged
structures in ground failure zones as opposed to only 5% of damaged Structures outside
these zones. Not only are foundation repairs more prevaent within the ground failure
zones, but the average cost of repairing structures with foundation damage is twice as
high ($48,870 vs. $24,865), indicating that foundation damage was likely more severe
in ground falure zones as wdl. These daa point to the importance of foundation
damage in driving up property losses within ground failure zones. Foundation damage is
adso best attributable to the occurrence of ground failure itsdf, inasmuch as surface
didocations can directly cause cracking in foundation eements (Figure GF3-E). This
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relationship is further illugtrated in Figures GF3-F and GF3-G, which show that
properties that suffered the greatest losses typicaly required foundation repair or
replacement, and that these same dructures are usudly located on or near zones of
mapped ground cracks.

In addition to foundation repairs, average codts of other types of repair were dso
somewhat higher for properties impacted by ground fallure. However, with the
exception of chimney repairs, the higher cogts within ground falure zones are not
datigticaly different. Nevertheless, this trend suggests that in addition to ground failure,
ground motions were probably higher within the areas that exhibited ground cracking, as
might be expected. However, the influence of this enhanced ground shaking on property
loss, by itsdf, gppears to be minimd. If we look only a structures within the ground
failure zones that did not incur foundation damage, we find that their average repair cost
is $14,418 - a vaue tha probably is the exclusive result of shaking-related damage.
Thisvaue is ~34% higher, and satidticaly greater than the $10,771 average repair cost
outside the failure zones, with most of increase attributable to more expensive chimney
repairs. However, the $14,418 figure is ill less than one-haf the average repair cost
per property for ground failure zones as a whole. Thus, these data suggest that most
property loss within areas impacted by ground failure are directly attributable to the
ground falure itsdlf, rether than to enhanced ground mations that may in part control the
falures. In other words, had the Granada Hills and Misson Hills area not been subject
to ground fallure in the Northridge earthquake, the resulting damage to structuresin that
area would not have been a great ded gresater, in terms of economic loss, than for the
northern San Fernando Valley asawhole.

No analysis of either Dr. Ponti’s database or of the residential tagging data has been
conducted at thistime.

ANALY SIS OF ROAD SURFACE REPAIR DATA
FROM THE NORTHRIDGE EARTHQUAKE

Data on damage to road surfaces as aresult of the Northridge earthquake was obtained from two
SOUrces:.

Cdtrans, and

the City of Los Angeles.

The data from the City of Los Angeles was compiled for the San Fernando Valley area and provided to
the Cdifornia Divison of Mines and Geology (CDMG), who, in turn, provided the data to USGS
(Daniel Ponti). We obtained the data from Dr. Ponti, with permission from Chuck Red from CDMG.
The file contains the location of 510 surface street segments and the length of Street repaired. In dl,
48.648 km of dtreet were repaired. At thistime, this database does not contain any informeation on the
repair costs or on repairs to sreets outside of the heavily impacted portions of the San Fernando
Vdley.

Cdtrans data was dso obtained from Cdtrans.

No analysis of these data has been conducted at thistime.
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